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Abs tract. The results from studics of D/Shocmaken

Levy @ and other vecent split comets and comet padn
fead (o the recopnition of fundamental diffcvences hetween
hreakop products of the tidally and the nonGidally split
cont etz and Lo the conelusive iden Gification of the so called
dissipating comets il sccond ary noclei of previously split
otnets, whose sepmately arciving, principal noclel had in
1ol ca e been nissecd, 'The primary athnibute of the non

tidally sphit comets is the leading position ol the principal
nuclens, with adl the companion nuclei trailing hehind. No
such confliguration hiw boen ohserved for the tidathy split
comets ol more than two components. Dominant ellects in
the relative ynotions of Tragiments derived Trom the tidal
distaplions are due to sepayation velocitios, while difieren

tial decelerations (doe, presimmably, 1o oulgassing: diiven
nongravitational perturbations) prevail for frapments de
vived fromn the nantidal Drealiops, This diversity s inter

meted in terms of major differences between the hreakuap
tneclinuians for the Hwo categories of objecis and belween
the resulting mass distributions of Tragiments.

Key w ords: tidilly and nontidally sphit comets com ¢

paiie principal and secondaay nucler conlipurations of

[aginents  sepaationvelocity  differentialdeceleration

1. Intvoduction

This re-carel note has been shmmlated hy several sig
piicant developments that ocentred during, the 1 years
since the publication ol the most recent masjor 1eview on
the spht comets (Sckanina 1982 aclened to haetofore
as Paper 1), OF pasticalar interest are the distaption of
D/Shocmaker Levy 9 and its collision with Jupiter, the
prevalenee of old and short period cotnets arong, the split
comcts that have heen observed sinee 1982, and the ap
peat ance of comcipains,

1Cis shown below that application ol the mod el for the
splitcoets, developed e the 1970 (Seloanin a 1977, 1978,

SO ofiprr it UL sisto: 0 Sclunns

(800 Oule GroveDnive, Pasadens, CA Q1100 ULS. A

1979) and reviewed in Paper 1, 1 Tanexpandedsample (11
obj cets leads to Tundiomentally nev information and to a

cl assilication of the split comets into two distinel groups,

withmajorim plications forthe fragien s,

2. Fiiting the model for the split comets

‘1 he devclop ed model for the splitcom ets was shiown in
Paper | lo have up Lo five parameters: the time of split
ting, the dificrential nongravitational dec eleration, and
the three Carte stan connponents ol the separationvelocity.
‘1 11 deeeleration s attiibut ¢d to vneven effects that the
suncdirected ontgassing, (tom the individua | components
is heli eved to exerton their orbitabmon e o ta, whercas the
sepiration velocity is the resalt of animpulse acquited hy
the cotmponents inth ¢ course of theirsplitting,

For s sphit comet w ith two componc nts , the model
= it cd to a set of obacr ved positional o fis ets between
the compamon, or the secondary nuclens, and the paent,
o1 the principal (primary) nu el e, Mathematically it
unitnporlant which of the two components is the prine
pal nuc clenss Howsiveaay practice only one ((1111 po
nerdusually s Il vives, s appropiate to ddentify it with
the principal nucleus, because it aliost cortainly mnst he
by far the 1nare s sive one,

I was s foown o Paper T that when the deccleration
cflects dominate, the pricipal nudeus is always the lead
g component, the secondary nuclens trailing behind,
eventually along the orbite On the other hand, wlien the
separation velocity eflects prevaily there is no const raini
on the relative positions of the componients,

I a cometbreaks up into more than tw o catnponents,
lisnecessaty to identify the principal nocle us and the
companion of cachsplitpain, ‘1 hisisaccomplished by com
paring the optimized solutions caleal ated from the sets of
ofisetx thaitinvolve various Dagnrent pairs, A sceondiny o
once pait iy become the principal nocleus inanoth erpain,
with a sequence of soel iea kups building up acomplex
hicrarchy of fractue pro duoets,

lu practice, the fitting of the nalt iparameter madel
s accomplished by applying an ferative least squares
dilie yential conpec tion procedure, with an option to solve
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for any combination of fewer than the five unknowns in
order Lo facilitate a ycasonably vapid convergence. Con
sequently, 30 different variants of possible solutions are
available, whiclh s especially uselul in carly stages of the
search for the hest solution. This option also allows one
{o force the deceleration 1o be zero and thus to appraisce

s role i the motions of the Tragiments,

3. Nontidally and tidally split comets

The relative contributions hom the diflerential decelera
tion and the sepaation velocity to the rate st which two
components o a splhit comet diift apant appear to be an
important criterion for discriminating, between the tidally
and the nontidally split comets, as shown below,

An updated st of tie nontidally splil comels is pre
sented o Table 1o With no exception, the observed frag,
ment confipmrations show that the prineipal nuclous s al-
ways Hic leading componant, wille all e companions Lrail-
dng bieliind . These configurations himply that deceleration
cllects clearly prevail over separation velocity ellects. T'he
Aflerential deeclerations attain valoes typically between a
few and ~Ho0 units of 107" the solar attraction. All con
pinions vanish belore does (iF ever) the principal nucleus.
The duration of & companion™ visibility was found in P'a
per Lo he penerally corvelated with its deceleration: the

Jesmer the deeclevation, the longer the Bifetime.
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20 Three
were obscerved to have ioken up into nore than (wo
components: two at Jupiter (D/Shocmaker Levy 9 and
161’/ Brooks 2) and one at the Sun (1882 K1 the Great
September Conset), Comparisone with the nontidally split

The tidally split comels are hsted in Table

comets indicates that an avaage tidal distoption event
generates a sipnificantly Livger nmunber of Tragiments,
Nurerous investigations of D/Shoemaker Tevy Y, the
most extensively studied Gdally split comet, livialy estab
G, Ik, and 1.
were all neay the middle of the nuclear traing while the

lished that the most massive cotponents

leading, pucleus A wias much ess conspicuous and obvi
ously less mnassive (e, Havmel et al, 1995). This evi
denee is supported by the vesults from the arhital deter-
minations (Chodas and Yeomans 149G6) for the comet™s 2
components, which yielded excellent solutions without the
need to incorporate nongravitational terms i the equa
Gions ol motion. A more recent, extensive study of diserete
sccondary- hagmentation episodes (Sckamina et al, 1996),
which were Tound to have occurred over a period of Tuany
months following the comet’s encounter with Jupiter in
July 1992 implics the absence of any detectable differen
tial decelerations except for the motion of the component
I'y that disintegrated entirely before veaching Jupiter in
July 1994,

The only other comet known to iave split tidally nea
Jupiter is 160/ Brooks 2, The closest approach, to 2.0 Jo
visn radii from the planet’s center, took place i July 1886.
Unlike Shocinaler Levy 9, Brooks 2 was perturbed by
Jupiter into a slightly hyperbolic post-encounter jovicen
tric orbit, which hrought the objeet 1o 1.95 AU from the
Suncin 1889, Barnard’s (1889) drawing, (also ¢f. Fig, | of
Sckanina 1996) made cight weeks hefore perihelion shows
the principal nocleus A (the cormmponent that s still surviv
ing today) to be trailing, the companion nucleis Only the
companion Cwas positively identified (o have separated
from A at Jupiter. Solving for both the deceleration and
the sepavation velocity asunknowns, Tascertained thiat the
deccleration was indeterminate. Sobving, for the separation
velocity only oflered a better fit than all the other wodels
that incorporated the deceleration {(Sckanina 1978), The
thitd component, B, was found to have separated from
C nearer the Sun, about 19 months aflter the comet’s en
counter with Jupiter (Sckaina 1977, TO82), This episode
may have bheen eithar a secondary-fragmentation event
(siniilar to those observed for Shocimalker Levy 9) o, Jess
probably, aniudependent nontidal splitting,
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The nucleus of the hrightest member of the sungraz
g comel group, 1882 R, was observed after paihelion to
like
the ragments of Shoemaker Levy 9 na rectilinear train
immersed ina sheath of nebulous material (IKreutz 1888).

consist of up to six separate componcits, arranged

However, useful orbital information is available for only
the four components nearest the Sund The two hrightest
and lonpest smviving components were the second and the
ihitd from the sumward end of the traing so that onee again
the leading component was not the principal nuclens. The
solutions that included the diflerential deceleration 4 and
those in which 5 was veplaced with a transverse conpo
nent Vi, of the separation velocity fitted the data cqually
well (Sekanina 1977). This cquivalence was explained as
the deceleration

due to an extramely steep decrease in
(assoned 1o vary fnversely as the square of heliocentine
distance) near the perihelion point of any sungrazing oi-
it (Sckanina 1978, 1982). Frons the virial theorem, the
relationship between the two quantities for the orbit of
RS2 R s Vi s 22895, where Vi, s in 1 /s and 7 inunits
ol 10 " the solar attraction. Identifying the separation ve

locity with the cquatorial rotational velocity, one can cal
calate the minimn effective diameter ol the pavent nu
clews from g, e
rotation perod and A “p is the range of Ve for the con

N

A Ve /200 where Peg isac

ponents located at the train's cuds. Only a lower Tinit to
this quantity can be caleulated from the available results
(Scekanina 1977):
ANV > A6 m /s Por an assttned nuclens bulk density of
~0.3 w..\A._:; for examnple, Pe o~ 6 I and Dy, > 16 ko,
a plansible value,

Another tidally split sungrazer, 196551 (Tkeya Scki),
displayed only two nuclear components, Fven thouglh the

for the first and the fourth component

prineipal (and systanatically the brighter) nucleus was the
leading. component, the derived differential deceleration
analh and ontside the range of

for the companion is very
values indicated by the nontidally spht comets (Sckanina
1978, 1982). 'This ciremmistance supgests that, onee apgain,
one deals here with a disguised separation-velocity effeet,
in which case one now obtains AV, > 1.6 m/sand, with
the sane eritical rotation period as above, Dy, > 5.0 k.
Thus, the leading position of the principal nudeus pre
vented a signatme of the direction of nuclem 1olation
ather than of the companion’s diflerential deceleration.

I thus find that among the three tidally split concls
that displayed niore than two nuclear fragments, the vrin-
cipal nuclous was nevcr the leading compoucnt and that
the leading position of the principal nuclens of the two
component tidally split comet Theya Seki should not be
interpreted as an eflect of a deceleration. It can salely be
concluded that the motions of the tidally split comets ave
cxsentially determined by eflects of the separation velocity
acquired by the components at the time of theiy splitting.
The physical significance of this fundamental difference
is brielly

hetween the fwo categories of the split comets s

discussed e See b,

4. Dissipating comets and comet pair

1 intoduced the tenm dissipating concls (Sckanina 1984,
referred to harctofore as Paper 2) to deseribe a group of
comets observed 1o undergo rapid physical changes A
[ading scts i suddenly, without warning, and the can
Ural condensation disappears usually in a matter of days,
terminating astrometiy. The coma expands gradually and
hecomes progressively clongated. The suiface brightiess
decreases at an alatmingly fast rate until the head essen-
tially vanishies before the eye
Tuterestingly, the comet is sometimes survived by a
tail, the signature of an outhurst that had preceded the

fading but for whatever 1easons remained unobserved

of the surprised obscrvers,

dust

The tenminal changes experienced by the dissipating
comels were shown in Paper 2 to bear a stiong, resein
blance to the physical behavior of secondary nuclei of the
split comets. This similarity is ilustrated by 18996 Q1, the
most recent dissipating, comet (Green 1996), which con
firns that the dissipating comets are secondary nuclei of
split comets: the orbits of 1996 Q1 and 1988 AT (Liller)
indeed me practically identical (Jalm 1996). 'The two o

jcets make a comet pan (Table 8) and were unqueshion

ably a

single objeet in the past, probably :

recently as
one revolution, or some 2900 yr, ago. An estimate for the
deceleration - in the relative miotion of two comets of the

;.

common parentage is obtained from the assuniption that

their breakup occurred exactly at previous peribielion, in
cepr 201 0°A P/ Porny where Py
olution period of the original ohit of the principal comet
(in this case LS8 A1) and AT, is the time diflerence be
tween the perihelion passages of the sceondary {in this case
1996 Q1) and the principal cometss 5 is again in units of

the rev-

which cas

107 " the solar attraction. 1 the breakup occuried w revo
Jutions i the past, the value of 4 from the formula must be
divided by a factor of Sa(n-t 1) Tor the TOES A 1/1996 Q1
8.60 y1 amd = HEG units (for = 1),

Two other comet pairs arve also listed i Table 3.

pair, A,
The orbits of Nenjiin 3 and Van Bicsbroeck were found
1o have virtually coincided before a
Jupiter in 1850, Although the mnnbers are somewhat un

close approach to

certain, (his pab is likely to be of tidal origin. Vhe remain:
ing pair (Bardwell 1988) includes comets 19881 {(l.evy)
and 198831 (Shocaker Holt), whose Jan, o 14, 000 yr,
AP 0,209 yr, and for which therefore 538 units
(0 = 1), o a factor of ~200 smalle than the o value
for the Liller/Tabur pair. The low 5 may explain why
1988 31 was ot observed Lo disintegrate. The splittings of
1988 11 /198801 and 1988 A1/1996 Q1 are nontidal and in
hotl cases the comet that appeared first was intrinsically
the brighter one. Finally, of course, there s the sungrazer
comet group, which has 24-) known manbers (el See. 3).
For more on this group’s history and orbital evolution,
e reader is referred to Marsden (1967, 1989). Other pro
posed comet proups (.., Porter 1963) can be dismissed
as products of chiance orbital coincidences.



Table 3. Known comet airs.

19511
190 1R
JOSS 1

A2 /Neujmin 3 . Sy
H3P/Van Biesbroceck tidally sphit (7)

Levy . .
) nontidally split

TOSS I Shocmaber Holt

FUSS A Lilley nentidally split
10114 H| Sl

1996 Q1 Tabu Yo

An outstanding issuce is why most dissipating, comets
do not pair with other objects. The answer may be ob
servational selection: the missing principal comets shiould
have appeaved at carlicr times; when the discovery prob
ability was lower, For comets of longer orbital periods
(> 10T y1), the thine between the perithelion passages of the
components could reael decades or even centuries, 1'ei-
is 201/ Westphal.

Will imother cotet he eventually discovered inits orbit’

haps the most diflicnlt case Lo explain

of non idal sphit ing and conclusions

Fhe vecent additions to the sphit comets have dramatically
allected the orhital period distribution of these objects,

Delining as the new (or the Qort clond) comets those hay
ing oniginal orbits with Pon, > 1 million yr, as the fanly
new comets those with 50,000 < Py < T aition yr, as
the old comets those with 200 < Py < 50,000 yr, and
a1 < 200 yr, the
L4982 (lrom Paper 1) and 1986 samnples are compared in
Table

liort period comets as the objeets that expenicnce nonti-

as the shori period conets those with

CThe vabers now Tavor heavily the old and the

dal splitting most often.
This [act appears to strengilicn even further the con
i, which can now he

ceptual model proposed in Paper

lehtly refined by ddentifying most companions of the

nonlidally split comals as randomly jettisoned pancake
haped fragiments of the surface mantle of refractory mate

vial, with limited supplies of subsurface volatiles attached
to it to acconnt for activity, T'he nuclear surface of old and
short-period comets is indeed believed to be heavily man
tled, with only a minor fraction stll active. And sinee a
dillerential deceleration varies inversely as the secondary-
to principal nucleus mass ratio (Paper 1), the detected
major deecleration ellects Trnply that the companions are
considerably less massive than the principal nuclei.

On the other hand, separation- velocity eflects are inde
pendent of the secondary-to principal nucleus mass ratio.
Their prevalence in the motions of components of a lidally
split comet indicates that the fragments are of comparable
masses, vone of them dominant. One can say that nuclei of
the tidally sphit comets traly brcak up, while waclei of the
nontidally spht comets tend Lo peel off instead (Paper 1).
T'he brealiup mechanism for the nontidally split cornets
unknown, but stresses built up doe to rapid rotation

and/or turbling, of an irregular objeet as well as due to

Table 4. Stalistics of nontidally sphit comcets and comet pairs,

Comels 1982 Saruple 996G Samplc

New (Oort clond) o G
Pairly new ? b4
OId (long, period) i ¢
Short period 3
Parabolic (approx.) ?
Total numba I8

high temperature gradients in the nuclear surface layer are
the primary candidates, 10 is possible that the tidal foree

isnot the only

and perhaps not even the decisive - cause

mstromental in

cracking the nucleus, a Gidal breakup may o fact likewise
, I A

he completed by rotational and/or thermal forces.

for tidal splitting. Whereas it apparently
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